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*What is “top quark™?
*3rd generation particle in

Standard Model —_—
Electric charge=2/3, Spin=1/2 { —LEP1 and SLD
*Heaviest particle -> decays before 80.5 1 -~ LEP2 and Tevatron (prel.)
hadronization (lifetime~4x10-2%s) 68% CL
*Passes momentum and spin
information to its decay products
*Motivation to study top
*Measuring its properties (mass, e
charge, spin, lifetime, etc) :
constrains theories aimed at fixing 80.3 -
problems in Standard Model /
*Might have a special role in the 150 175 200
dynamics of EWSB (Yukawa
coupling ~1)
*Knowing the mass of top quark

constrains the mass of Higgs
boson




(. Main Mechanisms: )
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*Pair production

*Quark-antiquark annihilation
*Gluon-gluon fusion

\_ *Single top Y,
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e Tevatron

Ppbar collider designed for top quark discovery

*1.96TeV in center-of-mass = 15% gg fusion, 85% qqbar
LHC

*pp collider
*14TeV in center-of-mass = 90% gg fusion, 10% qqgbar

ﬂExperiments location \
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«Standard Model top quark decay : 9
*99% of the time t-> W + b aaaae
*\W boson decays into:
Lepton pairs
*©+V,, WV, OF T+V,
*Quark pairs
(ud or cs) x 3 colors ttbar Decay Modes
*SM ttbar decay channels
*Tau+X(lepton or quark)
17/81~21%
Dilepton: 4/81~5%
Lepton+Jets: 24/81~30%
All Hadronic: 36/81~44%

\_ /
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*Features
sLargest branching fraction
*Fully reconstructed final state
sLarge QCD multijet background
eLarge combinatorial background
(ambiguity in quark-jet pairing)
«Jet energy scale has big effect
*Motivation
*Testing of the Standard Model
*Consistency check among the ttbar
decay channels
sImprove uncertainties by using
*New tools
*New event selection

*Measurements in this channel
*Cross-section measurement
*Most recent: 8.3+23, 4 pb
*Mass measurements
*Only 3 other results
*Best: 174.5£5.3 GeV
*Resonance search (in progress)
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Superconductlng Proton and
Anti-proton synchrotron

1. Each beam has 3x12 bunches
with 396ns bunch separation

2. Superconducting magnets
bend particles for a 21 us
revolution time around the 1km
radius ring

3. 8RF cavities accelerate
particles to 980GeV (The most
energetic accelerator collecting
data to date)

4. The beams collide at CDF &
DO

Instantaneous luminosity is of
order 1031-1032 cm-2s-"

. record is 2.9x1032 cm=2s

Integrated luminosity delivered:

. present: ~3.2fb"" (goal ~ 8fb'1y
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Fermilab's
ACCELERATOR CHAIN

" /7 TARGET HALL

X, ANTIPROTON
- SOURCE

COF (Collider Detector ~ \ s

. InFermilib)

- BOOSTER
" LINAC

" COCKCROFTWALTON

PROTON

NEUTRINO MESON

Beam Antiproten  Proton
Dumps —




*Multi-purpose detector with subsystems
placed around beam pipe

Silicon detector
*30-60um resolution for impact
parameter of tracks
*COT-Central Outer Tracker
*Open-cell wire drift chamber
*Hit position resolution~140um
*Momentum resolution~0.0015 GeV-'
«Time-of-Flight detector
*Separates kaons and pions (~100ps)
«Calorimeters
*Segmented sampling sandwich of
metal & scintillators
*EM (Pb) (13.5%/sqrt(E+)®2%)
*Hadronic (Fe) (75%/sqrt(E;)®3%)
*Muon system
4 drift chambers

*Trigger and Data acquisition
*Three trigger levels -> ~100Hz
+1 pair of top-antitop every 100 collisions
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ﬂ_uminosity detector-CLC

*96 Cherenkov counters filled with
isobutane
3.7 <|n| <4.7
*Determines luminosity by counting
the average number of inelastic ppbar
interactions

L=wfy o/ Oines

| was part of the group monitoring
and maintaining CLC

/




«Jet
«collection of particles
generated by the
hadronization of a parton
followed by the
fragmentation/decay of the
hadron(s).

«Jet Energy

sunderstood as the sum of
energies of all particles

various effects

\_

*deposited in the calorimeter

*needs to be corrected due to
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-Jet Energy Corrections S s
Relative scale Y S — |
Scales the forward regions to the g —
central part R T f — ]
Di-jet & photon-jet balance _% Of ::::::::::::::::f '}:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-
*Absolute scale 8 it i WS |
*Non-linearities & energy loss from é [
un-instrumented regions 5 o4 e b .
*Use Monte Carlo simulation N |
*Multiple interactions I — : P S ——— .
Subtract the energies of particles ' ' ' ml
coming from different interaction
Uses minimum bias data - UL I LI P 0 R A
«Underlying event § EN s B
-Subtract the energies of spectator T TN e e B
particles E oosf- N0 S E
*Uses minimum bias data £ 002k SO
Out-of-cone L N T
*Adds energy not clustered by the §, -0.02 ?‘l""""°°---j;::«-:-'-'541i:'-1'-'-'-'-'-'-'-'-'.'.'.'.'.'.'.'.'IL'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.':;:;'.'.'.'.'_—:
jet algorithm B oodf ' =
*Use Monte Carlo simulation 0.06F- =
eInteresting to check this scaling in ttbar -0.08[ =
events Y A T T T T T T T
20 40 60 80 100 120 140 160 180 200

Corrected jet P, (GeV




/ *ldentification of such jets  \
reduces backgrounds for top

quark signal

«Secondary vertex algorithms
*SecVix and JetProbability
Lifetime ~10ps means
travel distance ~3mm
*Silicon detector resolution
allows for such
measurements
For JP, | have studied
how the ID rates depend
on various parameters

*Soft lepton finder algorithms
|ldentifies a soft

electron/muon within the
\ cone of a reconstructed W

F

displaced
tracks
Secondary
vertex
do .

Primary >~
vertex ~fo -
/ A-' y
A X
z

prompt tracks

eor [Lin jet

-
-
-

e b— luc (BR ~ 20%)
e b—c— lus (BR ~ 20%)




-Data sample

*943 pb-! of multijet events [ use a
trigger 88% efficient for ttbar all
hadronic events]

- J

Event : 393073 R‘x- 150418 EventType : DATA | Unpresc: 0.32.34.3.8.9.41.10.11.43,13.17,19.21,23.27,28.30,31 Presc: 0,32,34.8.9.10,17,27.28 31
3

i

«Sample composition
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*Signal- ttbar all hadronic

*has 6 quarks in the final state
which will hadronize into 6 jets
of particles [xs~3pb].

*very energetic, central and
spherical

*Two of the quarks are b-
quarks -> heavy flavor jets

*Background:
*QCD multijets
*Bb+4 partons [xs~48nb]
*6 partons [xs~830nb]
*Hadronic W/Z+jets [xs~2.8nb]
*Single top+radiation [xs~2pb]

*Hadronic W/Z pairs+radiation
[Xs~5pDb] /
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*Clean-up cuts -> S/B ~ 1/1300 | CDF Run Il preliminary, L=311 pb " |
*Trigger emulation: Level2 ah o ~-Data o ~-Data
SumEt>175GeV ik —it :Z ~tt
“Vertex: |z|<60cm & |z-z,|<5cm ox,:r "‘ oos
-Missing Et Significance: < 3 (GeV)'"2 i ::

\_  Tight lepton veto Vi .
ﬂKinematical CutS -> SIB ~ 1/23 \ 90.0.150200250300350400450500 8.4" 05 06 07 08 09 1

LE;(GeV) Centrality
*Njets = 6 jets with |eta|<2 &
Et>15GeV

Aplanarity+0.005SumEt; > 0.96
*Centrality > 0.78

\_  -SumEt> 280GeV -/
@ N

B-tagging -> S/B ~ 1/6

*Require at least 1 heavy flavor jet

200

T, £ £ oY)

\ ‘Use SVX tagger )




Top Quark
Monte Carlo

W Mass Templates

Background
Model
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Technique

Matrix Element

¥

Top Mass Templates

= =

CDF JES
Constrain

Mass & JES

parameterizations

'

\

2D

Experimental
Data

/

Likelihood

!

Reconstructed Top Mass & JES
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Invariant mass of light flavor jets

MethOd 0_255_ — Bckg Data

Parameterize the heavy o BEar
flavor jet rates from a ; Events with 1 b-tagged jets
background dominated oS
sample

«Extrapolate the rates
above to the signal region

*Check shapes with Alpgen S
background Monte Carlo

*Normalization is - ——
determined by subtracting R
the signal expectation from s J( e
the data osl Events with 2 b-tagged jets
-For 943pb-! of data, the o2sl
background estimate is o=
.35 single tagged T
\ .10 double tagged / o.0s| }
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p
Define the probability that a multijet event is produced via ttbar all hadronic

mechanism at a given top mass.
\

r

*Ratio of the elementary cross-section for an 6-jet dP(M )= do(j | Mrop)
top
G(Mmp)

event defined by {j} to the total cross-section

\_

/*More realistically: N\

«Jet energies are not the true energies of the quarks
*Need transfer functions to describe parton-to-jet transition

*Help by enhancing the ttbar-likeness of the parton configuration using Pt of ttbar
system as weight.

«Ambiguity in parton-jet assignment -> combinations
\ *Event selection means only a fraction ¢(M) of total cross-section is used. /

2 Jd | .’Mmp -TF | j)- P,
Event probability density expression: P(M,,,) = i) 0((7;91‘/1] )8(1‘)/1 )A(’p J)- P(p)

top top combi




> Jd | j,Mg )-TF(plj)-P
Event probability density expression: P(M,,,) = < :G;’ J )l{ ) A(’p J)- " (P)

[ Fraction of ttbar events passing kinem. cuts H Total cross-section for ttbar events L

=9°9:— & Indf 1493 /27 :. ;
e E Prob 7.047¢-19 ¥ s |
.08 |- po -0.06262 +0.004369 > 825
& F p 0.000437 +5.146e-03 2
50_07 - p2 8.816e-07 *1.492e-07 = B
A 20|
2006 |- -
=) — -
=) - -
2005 |- 15|
A = B
§0.04 — n
E 10| —
&.03 - -
§0.02 = sl
0.01 B
: 1 1 l 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 o B I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I 1 1
120 140 160 180 200 220 240 120 140 160 180 200 220
Top Mass [GeV] Top Mass [GeV]

‘Number of combinations
«120 for single b-tagged events
24 for double tagged events




= fd | j,M top T | 7)- P
Event probability density expression: P(M,,, ) = <t o(ply plj) £ (r)

G( Mtop )E(Mtop )Ncombi
o e | b ITFEO02 | b TF E 0 2
*TF(p|j) is a probability that a pos
parton of energy “p” has 300[ - oo
associated a jet of energy “j”. i !
B-jets & W-jets have different energy 250] I"::'I" m:
spectrum, and they are treated i e w0069
separately. I Prob 0.04275
Sum of 2 gaussians used to fit the 2001 Banst 10408
shape, normalized to 1. i :’m e
*Fit depends on the transverse 150[- Constz 1441 99
momentum & pseudo-rapidity of i Mesnz  -0.0055070.014800
partOnS i Sigma2 0.02618 £ 0.00844
100}

*In the plot x-axis is “1-j/p”

*The distribution are built from :
Monte Carlo events where the jets 50

were matched exclusively with :
artons. o—llllnIlIJlI.L.lJ. llllllll llllllllllll

-2 15 -1 -05 0 0.5 1 1.5 2
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= fdo(plj.M, TF(p|J - Pr(p)
Event probability density expression: P(M,,, ) = <t 2
G( Mtop )E(Mtop )Ncombi
PiTTbar
Entries 454710
. Mean 24
/ \ 18000 RS 2275
I 1 1 5 Underflow 0
*P;(p) is a weight following - e N
the shape of the transverse : Itegal 45450405
. 14000 H- 72 ndf 3103/ 192
momentum of the ttbar final ! Prob 588608
state 12000 - p0 52500405 £ 14450404
pl -402 £1.018
*Used the 6 quarks in the final state 10000 IT P2 25520404 +1083
p3 16580408 +2212e404
*Sum of 3 gaussians used to fit the 8000 I p 183 20104
shape, then normalize to 1. : P 3302 £0.853
. . . . . 6000 |- pB -1.995e+08 + 3.403e+04
*The distribution is built from : 7 2491 £005482
Monte Carlo ttbar events. 4000 |- i 1614 xakee
\ / 2000 [
0:1 S I N RS ol gl
0 20 40 60 80 100 120 140 160 180 200

Pt_ttbar [GeV]



NIVERSITY of

LORIDA

= fdcplj,

w) TF(p1j) P
Event probability density expression: P(M,,, ) = <t (p17)- ()

o(M,, )e(M,, )N

combi

dz,dz, f(z,)f (z,
4E E,lv, - vb‘

Ampijm,,)

_ > 4D,
d()'(p l]aMtop) = f 1_[%(2 ) 6(4)(Eﬁ" lm)

1 2m)"2F,

a

*F(z,,) is CTEQSL proton PDF
(parton distribution function) with
scale 175GeV.

«Jets angles are assumed
those of the partons.

*Matrix element squared is
based on the tree level diagram
uubar -> ttbar -> all hadronic
decay.

*Monte Carlo events with ddbar or
gluon-gluon interaction are not biased

by this choice. w<
*Massless quarks hypothesis simplifies o

&alculation. /
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Event probability density expression: P(M,,, ) = <t

= fdo(pljM,,) TF(plj) P

()

*p,g momenta of W-decay quarks
K o a function of p,g-angles Q=(¢,0)

\
4 integrals left over momenta
*Uniform grid of points 2 GeV
away from each other in each
dimension

J

\_

G(Mtop )E(Mtop )Ncombi
KAdvantageous change of variableg
-b-quark momenta to x,y-components - T 5(p=1p°
of the ttbar system momentum P, Ly <My y (P-p)
Natural variables for the Pt of MWFW 2qwqp (Qpagq)
ttbar weight. 5
*Use narrow width approximation pO _ M,
for W bosons propagators. 2qw

N
*Integration takes about
1hour/event.

*Use computing farm )

\_




[ -Define a sample likelihood as product of
event probability densities.

e/

Lm,)=1[pmm,,)

events

*Minimize the negative log of the sample
likelihood in various scenarios.

«Although there is a slight bias, the
results are satisfactory.

Use events with jets )

32°| matched to partons. J
@ B U.7365
8120 | o 177.2+0.03468
& | |pt 098920001879
9180 |
170
160 :—
- ——y=x
50 - ——y=p0+(x-178)"p1
:. | |

1 1 I 1 1 1 1 I 1 1 1 1 1 1
180 190 200
Input Top Mass [GeV]

P TS SR S R TR S N
150 160

F

NIVERSITY of

LORIDA

Graph
= [ Use parton information directly.
8200 Tprob 0.1888
a I 179.2 + 0.0871
Z10f | p1 1.005 +0.004798
c
lgwa:—
170 |
1602— p—Tpg
- ——y=p0+(x-178)"p1
150 [—
B T T R T TR T R T

S'200 |- —
3 R rob 0.386
= | po 178.2 +0.1308
§ - | pt 0.9428 +0.0071
S100 [
e N
e
S F
180 |-
gL
170 |
160 :— —y=x
N ——y=p0+(x-178)"p1
150 |—
-l 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
150 160 170 180 190 200

Use all events passing all cuts.

Input Top Mass [GeV]



F

NIVERSITY of

FLORIDA

*Clean-up cuts -> S/B ~ 1/1300

) ] minLKLb
*Trigger emulation: Level2 014 Entes 38151
SumEt>175GeV Mean 17.58

RMS B.577

0.12 Underflow 0

[ | ttbar Sample Overflow 30560404

Integral  1.003e+07

Vertex: |z|<60cm & |z-z,|<5cm

Missing Et Significance: < 3 (GeV)'?

\_  Tight lepton veto J)

/Kinematical cuts -> S/IB ~ 1/23 \

0.1

m background sample

_lllllllIlll[llllll]lllllllll

0.04
*Njets = 6 jets with |eta|<2 &
Et>15GeV 0.02
Aplanarity+0.005SumEt; > 0.96 O 020 30 3 a0 a5 50
«Centrality > 0.78 min(-InP)
\_  -SumEt> 280GeV -/
p ~ ( *ME probability cut -> S/B ~1/1

B-tagging -> S/B ~ 1/6

*Require at least 1 heavy flavor jet

*min(-InP) <10

P is the probability density calculated
\____"Use SVX tagger J \____via matrix element )
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Employ a template technique \

«1st set of templates

Parameterized distributions sensitive to variations in top quark
mass

*Define a variable, JES, related to jet energy scale.

«JES=change in jet energy quantified in units of uncertainty on
the jet energy. o..

«2nd set of template§
k *Parameterized distributions sensitive to variations in JES /

4 N

*Build a likelihood function using the two sets of templates

*Minimize the likelihood function with respect to top mass & JES
simultaneously.

*Measuring JES is equivalent to an in situ calibration of the jet energy
scale

N Y
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ttbar sample

— M =150 GeV
—— M =160 GeV
M =170 GeV
M =178 GeV
— M =185 GeV
M =195 GeV

ﬂ'le value of the mass M, fo\ ‘
which -In[P(M)] is minimized o

will be used to build top mass 0.03
templates

0.02

lllllll]l[lllllllllllll

‘M, can be interpreted as the top
mass as the event.

0.01

E—

» °336 40 450 160 170 180 190 200 210 520
*These shapes are sensitive to Event Top Mass (GeV/c)
changes in the value of top mass background sample
“ttbar shapes are fitted to Breit- ::::
Wigner times exponential. o.o11E.
*The fit parameters depend oot
linearly on true top mass & 0.009¢
JES 0.008
_ 0.007
*Background shapes are fitted to a 0.008

Illllllllllllllllllllll

gaussian. 0.005
-NomassorJESdependence_ e e T T D P P P P S P
130 140 150 160 170 180 190 200 210 220
Event Top Mass (GeV/c)
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ttbar sample

ﬂ'le invariant mass of pairs\ o022) — JES=-S
. . 0.02- —— JES = -1
M; of light flavor jets oots- JES =
. . 0.016[- =
(untagged) used to build dijet o.01af- Ll UEs-s
0.012—
mass templates oot \
0.008—
*M;; can be interpreted as the W- 0.008-
0.004 —
boson mass as the event. o.002F
B T =
*These templates are sensitive Dijet Mass (GeV/c)
to changes in JES background sample
ttbar shapes are fitted to sum of o.ozi—
two gausssians and gamma. 0.018}—
0.016-
*The fit parameters depend 0.01af-
linearly on true top mass & 0.012f-
JES 001
_ 0.008}
*Background shapes are fitted to 0,008}
same function as for ttbar 0.004}-
\ NomassorJESdependenﬂ o'ooz‘,,, T
50 100 150 200 250 300 350

Dijet Mass (GeV/c’)




on M,,,, JES and number of events.

*Factorized for samples with different
number of b-tagged jets.

(" «Build a likelihood which depends " (.

*\Value of JES is constrained to a priori
\_  determination.

L(M,,, ,JES,n)=L,
L, = Gaus(JES 10,1)
L, .=L%7 xL,

n-tag shape shape

J

X L2tag X LJES

tag

X Levt X Lsig

~

ﬁThe total number of events is
constrained to the observed value
Ntoto_bSL

«The number of ttbar events is
constrained to the expectation N X°
based on theoretical ttbar x-section

\0f6.7pb -/

F
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*The dependence on M,,, and JES A
comes for terms sensitive to
variations in these values

*These terms are built with the help of
the templates -> Ptor & PW

\_ /
t0 t0 t0 10
e - Tl n, P (mit \M,,, . JES)+n, - P, (m)
shape ~—
evt=1,N,';};s ns + nb
w w w w
y n, P (m), | M,,.JES)+n, P, (m},)
Lshape = H
evt=(1,Nt”01;S)chombi n + ny

_ . obs _ exp exp
Lm-Pozs(ns+nb|N ) Lsig—Gaus(nsle 0, )

fot

48 24
13 14
3.6 3.7
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(-Minimizing the 2D likelihood for
Monte Carlo samples

«The mass and JES
reconstruction shows a bias.

("+Find the top mass & JES

AN

dependence of the bias

eliminate the bias.
\_

«Calibrate the reconstruction to

*Assign a systematic uncertainty

J

]ESM

(a] + a2 ]EStrue) (613 + Cl4 JEStrue) (
= (bl + b2 . Mtrue) + (b3 + b4 . Mtrue) . ]ES

-175)

frue

frue

175(0.1)
-0.09(0.05)
0.975(0.008)
0.016(0.004)

28
e O

0.6(0.3)

-0.003(0.002)

1.35(0.15)

-2.1(0.8)x10°3

F
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205 1 ndf 5385/6 212 F 1 ndf 235876
b 04 Prob 0.4955 T Prob 0
=" PO 0.0368+0.03073 s 12 po 1.13+0.0008728
503 5 f
P FRRL S
0.2 @ f x,
% = 440 \.//"‘"P—_J
o ] = -
o | ! I 1,05
‘0.1 1[_
0.2 s
0.05/
-0.3 u
04 °'9E
b . | ! | | | | | o ! Ll | | |
05 -3 2 1 0 1 2 3 085 3 2 -1 0 1 2 3
JES (o) JES (o)

o|_eft: Pull Mean Vs JES shows no bias

*Right: Pull Width Vs JES indicates need for correction factor on

statistical uncertainty of 1.13
\ J
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F

7455/6
4.747e-14

0.9007 +0.002408

XZ/ ndf 7990/ 11 le ndf
15
Y Prob 0 a Prob
G 9 214
- p0 3615 +0.007506 | § PO
S g g 13
w -
8 ﬁ 1.2
a7
1.1
6

|

=
lllllllllllllllllIl]llll]lllllllllllllllllll
o o
(-] o -
llll]llll]llllIllll]llll]lllllllllllllllllll]llll

-
o
(5]

I1m 1
Input Top Mass [GeV]

150 160 170 180

200 -3 -2 -1

Input JES

[-Left: Expected statistical+JES uncertainty on top mass h
*Right: Expected statistical uncertainty on JES
\ *10% improvement with respect to the a priori determination )




*“ISR/FSR”- uncertainty due to
the modeling of the initial/final
state radiation in the Monte
Carlo.

*“Fragmentation”- uncertainty
due to different fragmentation
models in Monte Carlo (Pythia
vs Herwig)

*“Residual JES”- uncertainty
due to the composite nature of

the JES parameter (various

effects form JES correction)
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«form pseudo-experiments
with the size determined by
the data fit

*41% of the PEs have
lower uncertainty on top
mass.
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M=1711%28 (stat.) x 2.4
(JES) £ 2.1(syst.) GeV/c?
-This is the most precise

measurement of the top mass in this
channel

-Weighs 11% in the current
world average

-First time simultaneous
reconstruction in the all hadronic
channel of the top mass and JES

-Original interplay between matrix
element technique and template
method

-First time use of matrix element
technique in event selection

-The JES value is consistent with
other analyses at CDF

JES=05+2090
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|Wi|/Z|Wi in Tevatron Combination

Best Tevatron Run Il (preliminary, March 2007)
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